Abstract -We used morphological analysis to assess species composition of natural regenerations and progeny plantations established from two mixed oak stands in Jamy and Legnica, Poland. Despite equal proportions of pedunculate (Quercus robur) and sessile oak (Quercus petrea) in seed stands, the species composition differed strikingly. In all progeny populations, pedunculate oak dominated, reaching 89.5% and 96.6% in Legnica and Jamy, respectively. However, sessile oak predominated in natural regenerations. Morphological studies indicated a varied number of phenotypically intermediate or mosaic individuals. Among artificial populations, the highest number of putative hybrids was observed in Legnica (average 2.5%) and the lowest in Jamy (average 0.2%). Hybrids in natural regeneration were 1% in Legnica and 8% in Jamy. The disproportionate species composition could result from either unintentional indirect acorn selection during collection or selection in nursery practice. We discuss the role of ecophysiological differences between species in biased species representation in progeny populations.
INTRODUCTION
Pedunculate oak (Quercus robur L.) and sessile oak (Quercus petrea (Matt.) Lieb.) are abundant and important components of European forests. Hence, both species have been the focus of the most intensive studies, especially since the onset in the 1980s of a decline in oak forests [14, 19] . There are three native Quercus species in Poland: Q. pubescens (pubescent oak), Q. robur, and Q. petrea, but only the last two species are economically important. Forest coverage in Poland is about 28%. Q. robur and Q. petrea represent about 6% of total forest area; however, they make up 40% of the forest area in some parts of country [31] .
These two oak species are closely related and despite different ecological requirements share a wide sympatric distribution. Q. robur is typical for rich, humid sites even with high water tables and frequent flooding. Unlike Q. robur, Q. petrea prefers drier, less-rich soils. The root system is better devel-* Corresponding author: alew@rose.man.poznan.pl oped in sessile oak, making it more drought resistant than pedunculate oak. Differences between the species also exist with respect to light requirements. Q. petrea tolerates more dense and shaded sites whereas Q. robur needs higher insolation. Despite ecophysiological differences, these two oak species are often mixed, especially if site conditions are a humid and dry mosaic.
Sympatric distribution and mixed stands may contribute to interspecific hybridization between pedunculate and sessile oak. Several observations seem to support this hypothesis. First, many morphologically intermediate forms between pure parental species are commonly recognized [3, 23, 32] . Field observations led to experiments of artificial crosses, which revealed the possibility of intermating, although higher success in crosses was noted with Q. petrea as a pollen donor [24] .
Methods based on DNA polymorphisms indicate a low level of differentiation between the species [2, 17] . Analysis of oak cpDNA polymorphisms revealed extensive sharing of cpDNA haplotypes among oak species [20] . The specific pattern of haplotype variation reflects geographical differentiation and similar postglacial history and suggests interspecific gene flow [6, 21, 28] . Eventually, DNA marker studies failed to identify any true species-specific markers. Moreover, despite consistency at the genetic level, both oak species are morphologically distinguishable, and morphological analysis is still a reliable tool for species identification in this genus [7, 12] .
It has been recently recognized that the protection of forest genetic resources, in a broad sense, will be a major task for future forest management. Genetic variability provides adaptation potential for species and is fundamental for their evolution and the survival of individuals. Changing environmental conditions, especially at current rates, may render natural mechanisms of species adaptation insufficient, making conservation of genetic variability a highly important issue. Both Quercus species, together with other main forest-tree species, are the target of "The Programme for the Conservation of Forest Genetic Resources and the Breeding of Forest Tree Species in Poland in the Years 1991−2010" [16] . The strategic goals of the programme are conservation of forest genetic resources, genetic improvement of the seed base, and breeding of forest-tree species. Management efforts targeting protection of forest-tree species gene pools by in situ and ex situ conservation include choosing selected seed stands and establishing progeny plantations, respectively. Selected seed stands are the best species populations chosen in the context of their phenotypic value. Establishing a progeny plantation helps to ensure the continuation of genetic diversity deposited in selected seed stands. There are overall 1419 ha and 590 ha of selected seed stands of Q. robur and Q. petrea in Poland, respectively [15] . Because forest management practice has resulted in the treatment of the two oak species as one for a long time, many of these seed stands can be of mixed composition. The influence of oak hybridization on seed quality is unknown, but recent State Forests regulations concerning forest reproductive material have recommended converting such two-species stands into one-species stands.
Our objective was to analyze the species composition of progeny plantations established from seeds gained from oak selected seed stands of mixed composition. We were interested in changes in species composition of such mixed oak stands depending on natural or artificial regeneration. The focal point was to elucidate whether or not: (1) the species composition of progeny plantations reflects that of selected seed stands; (2) the species composition in plantations established in different years from the same seed source is also different depending on year of establishing. We also wanted to compare the progeny plantations and maternal stands with their natural regeneration to identify any differences in species composition or proportions.
MATERIALS AND METHODS
The populations studied were progeny plantations established from seeds obtained from two Polish mixed-oak selected seed stands located in Legnica (51
• 12' N, 16
• 10' E) and in Jamy (53
• 55' E). Species composition of both stands is given in Table I . Although the origin of adult stands is unknown, in both stands any Taxonomical status of all individuals from adult stands was assessed according to the following characteristics: (1) length of petiole: up to 5 mm for pedunculate oak and > 5 mm for sessile oak; (2) shape of lamina: inversely oval and deeply lobed for pedunculate oak and oval but less deeply lobed for sessile oak; (3) leaf base: wedge-shaped for sessile oak and cordate or auriculate for pedunculate oak; (4) sinus depth: up to one-third of lamina width for sessile oak and deeper for pedunculate oak; and (5) presence of intercalary veins (whole lamina): up to 3 veins for pedunculate oak, and less for sessile oak. Although none of these features is diagnostic, leaf morphology has been the most important discriminator for oak taxa [7] . Individuals with intermediate or mosaic phenotypes were classified as hybrids.
Five artificial progeny plantations were chosen from Jamy, established in five different years, and two plantations established in the same year were chosen from Legnica. The dates of progeny plantation establishing are strictly related with the mast year, since oak's mast year is not noted every year. As far as we know, in every mast year complete harvest of acorns from the total area of adult stands was made, without any species-specific acorn selection. Natural regeneration from both stands was also included. The seedlings from natural regeneration were collected under the canopy of maternal stands and were about 10 to 20 years old. In natural regeneration we noted seedlings 10 to 20 years old and very young, 1 or 2 years old. Since the morphological analysis can not be used for very young oak seedlings due to high phenotypic plasticity of species and probability of misclassification, we decided to include older seedlings for our natural regeneration morphological analysis.
In July and August 2004, material for the studies was collected. In each progeny plantation and natural regeneration, 100 individual trees were sampled at random. From 3 to 10 fully expanded leaves were sampled from individual trees from plantations and 10 leaves per tree in natural regenerations. The taxonomical status of all individuals sampled both in progeny plantation and in natural regeneration was assessed using the same methodology as in case of individuals from adult stands. Any silvicultural treatments were not made in any of progeny plantations or in natural regeneration what could affect on species composition.
The statistical significance of differences in species composition between adult populations and progeny populations was tested with ChiSquare test. Statistical analysis were conducted with using Jump v. 5.1.
RESULTS
The most striking results were the notable differences in species composition between seed stands and their progeny plantations and natural regeneration. The species composition of all studied progeny populations and natural regenerations is given in Tables II and III . Despite almost equal proportions of both species in seed stands (Tab. I), Q. robur was the dominant species in progeny plantations regardless of year of establishment or stand. In five plantations from Jamy, Q. robur was 96.6%, and in Legnica, it was 89.5% on average; however, Q. petrea was only 3.2% in Jamy and 8% in Legnica. Q. petrea dominated in natural regeneration in both stands (76% Jamy, 98% Legnica) and Q. robur was in the minority in both (16% Jamy, 1% Legnica). Morphologically intermediate or mosaic individuals were noted in different amounts in analyzed populations (Tabs. II and III). Among artificial populations, the highest number of putative hybrid individuals was observed in Legnica (2.5% on average) and the lowest in Jamy (0.2% on average). In natural regeneration from Jamy, up to 8% of individuals were scored as putative hybrids; in Legnica, this frequency was 1%.
All noted differences in species composition between adult stands and their progeny populations (natural regenerations and progeny plantations) were statistically significant at p < 0.001.
DISCUSSION
If we consider only the species composition of maternal selected seed stands, the results were unexpected. It should be emphasized that direct selection of acorns according to species was not performed in any of the studied seed stands. In every mast year, all seeds in both stands were collected, sowed in the nursery, and subsequently used for establishing progeny plantations. The question that arises is what may have caused the disproportion in species composition between selected seed stands, progeny plantations, and natural regeneration?
The ecological amplitude of Q. petrea goes beyond that of Q. robur. Ecophysiological differences account for the advantage of sessile oak in mixed stands. Because it is a latesuccession species, it tolerates denser and more shaded conditions. By contrast, pioneer pedunculate oak requires open spaces to regenerate. Also the viability of Q. robur acorns rapidly decreases if water is lost, and Q. petrea seeds are more resistant to desiccation. These are the main reasons explaining the easier natural regeneration of sessile oak under the adult trees canopy, that we have identified in our studies.
The most striking result concerns species composition of progeny populations. In every progeny population, Q. robur is the dominant species and Q. petrea is in the minority. Several explanations are possible. First, indirect selection of acorns cannot be excluded. Acorns of Q. petrea germinate very quickly (earlier than Q. robur) and often are viviparous [27, 30] . This characteristic may have resulted in the avoidance of germinating seeds during collection since collected seeds were also intended for storing (Suszka, personal communication) . Moreover, vivipary observed in sessile oak may increase fungal pathogen infections, in particular those caused by Ciboria batschiana. Acorns of sessile oak are much more prone to this pathogen infection because of damage in seed cover appearing during rapid germination or germination on the mother tree. Infections caused by C. batschiana may eliminate a vast amount of collected seeds [26] . Second, seeds of pedunculate oak are bigger, which simply results in their being preferentially collected. Selection in the nursery may also have a strong influence on the apparent disproportion in species composition in progeny plantations. Before being planted into the progeny plantation, seedlings are classified and selected with respect to overall health and size, and only the best are chosen. Because juvenile growth of pedunculate oak is faster than that of sessile oak [11] , the possibility of the choice of pedunculate oak seedlings for planting increases.
It also seems likely that a different pattern of fruiting between species could contribute to the observed disproportion in species representation in progeny plantations. Seed production that is synchronous but variable between years within a population is a well-known phenomenon in long-lived plant species and is also reported among oak species. Moreover, interannual variation in acorn production among individual trees appears to be the rule among oak species. Unfortunately, studies concerning differences in fruiting patterns between pedunculate and sessile oak are scarce. Information gained from 10 Forest Districts supports the existence of such differences. Good acorn crops in pedunculate oak are noted every 4−8 years; on the other hand, sessile oak can fruit more frequently (almost every year) but is less abundant than the other species. In addition, irregular seed production is observed at the edge of the species range for Q. petrea in Poland [29] .
Another explanation of the situation observed in artificial and natural progeny populations takes into account sex ratio and the model of invasion through pollen in oaks [22] . Pollen flow is much more effective than seed flow in oaks. Asymmetrical hybridization from Q. petrea to Q. robur is thought to act as a dispersal mechanism facilitating colonization of pedunculate oak stands by sessile oak. In fact, it has been recently confirmed that hybridization can effectively influence displacement of native species by invasive species [10] .
Oaks are monoecious and individual trees may show a biased reproductive investment favoring one of the sexes [5] . Such a trend in Q. petrea in a particular context could be regarded as part of its strategy in progressively replacing Q. robur in successional forest development. Differences in sex allocation in dioecious and monoecious plant species are reported and depend on many different factors [8, 9, 13, 18] . Monoecious, wind-pollinated plant species are expected to exhibit a higher relative investment in male sex because the threat of losing large amounts of pollen during pollination is high. Increasing production of pollen is a strategy to improve reproductive success. In the case of the sessile oak, it could have another meaning. The mechanism of seed dispersion is much more effective in Q. robur than in Q. petrea mainly because of preferential collection by jays [4] . Therefore, enhanced male investment in sessile oak could be a compensation for lesseffective seed flow, which would enable and reinforce effective colonization. However, verification of this hypothesis requires detailed studies of the flowering and fruiting biology of both species.
Considering the lack of any species-specific traits, it is still difficult to draw conclusions about the real extent of the natural hybridization. Our investigation based on morphological analysis indicates a varied, low extent of hybridization in mixed stands, consistent with other studies employing morphological analysis [1, 7] . Controlled pollination studies carried out by Steinhoff [25] indicated asymmetry in interspecific gene flow. Surveys of mating systems reported asymmetrical compatibility between Q. robur and Q. petrea genes in natural stands. The genetic contribution of Q. petrea to the Q. robur progenies was confirmed and varies from 17% to 48% [2] . Asymmetrical hybridization could be a subsequent step of the sessile oak colonization strategy. Because the interspecific pollen flow is larger than seed flow, it results in the dispersal of the pollen parent, which is sessile oak. Asymmetrical hybridization and repeated backcrossing with the pollen parent can contribute to progressive replacement of Q. robur by Q. petrea.
Some other factors should be taken into account when considering hybridization. Hybridization is a dynamic process and thus can be influenced by ecological factors, which locally can reinforce or inhibit intermating between species (synchronization in flowering phenology, part of distribution range, edaphic and weather conditions, etc.). What is more, it cannot be excluded that hybridization success has an individual context and can depend on the genetic constitution of particular intermating individuals. In fact, differences in the extent of hybridization among vegetative seasons were found in our study.
In conclusion, the contrasting species compositions between maternal populations, their progeny populations, and natural regeneration may have originated in the procedure for collecting acorns and in the establishing of progeny plantations. It may also have resulted from the unique asymmetry of seed and pollen dispersal in Q. petrea. Asymmetry accompanied by one-way hybridization enables and facilitates colonization into Q. robur stands. Increased male investment in sessile oak would be an important part of the colonization strategy. However, competition between these two species is expected to take place under specific conditions that are primarily beyond the optimal for pedunculate oak; ecophysiological differences between the species are strongly pronounced. To answer the questions related to the evolution and functioning of such a model of colonization and competition between species, detailed studies are needed. The evaluation of the extent of hybridization and hybrid fitness especially would help our understanding of the role of observed gene exchange between sessile and pedunculate oak and between other species in general. In addition, as long as the extent of hybridization and its impact on progeny fitness cannot be estimated, in our opinion there is no need for converting mixed-oak stands into one-species stands, which would involve damage to such often-valuable stands.
However, some important factors need to be taken under consideration when the existence of such mixed oak selected stands is discussed. It needs to be stressed, that both species are of economical importance. As we have presented in our study, in such mixed oak stands, practically only pedunculate oak is planted, sessile oak is omitted. This is a result of not including into the seeds harvest protocols the ecophysiological differences between species. The only reasonable way is speciesspecific acorns selection in such mixed selected stands, what may ensure the planting needed species.
